This study focuses on the surface modification of a near β-type Ti-27 wt.% Nb alloy by alkali-heat treatment. The influence of alkali concentration, alkali-treated time and alkali-treated temperature on the microstructure and constitutional phases of the modified surface is investigated by SEM, XRD and ICP. Immersion experiments in a simulated body fluid (SBF) were carried out to examine the Ca-P phase forming ability of the modified surfaces. The SEM observation and XRD analysis revealed that a sodium titanate layer is formed after alkali-heat treatment. The morphology and Ca-P phase forming of the layer are greatly affected by the surface roughness of the samples, the alkali concentration, the alkali-treated time and alkali-treated temperature. The results of SBF immersion, which are obtained by ICP analysis, indicate that the activated sodium titanate layer prepared by alkali-heat treatment is beneficial to further improving the biocompatibility of the Ti-27 wt.% Nb alloy.
Introduction
Among all the β-type Ti alloys, low modulus biomedical TiNb alloys own excellent biocompatibility, mechanical properties and corrosion resistance, and have a promising potential for biomedical applications [1] . However, in order to strengthen the integration between bone tissues and the implants, surface modification is necessary [2, 3] . On the other hand, alkali-heat treatment is a mature technical procedure being employed in biomedical applications. It is well known that titanium metal and its alloys are covered with a thin TiO 2 passive layer. Kokubo et al [4] have proved that when Na 2 O is incorporated into the surface TiO 2 layer (i.e. sodium titanate is formed) after alkali-heat treatment, these metals could form many Ti- 4 Author to whom any correspondence should be addressed.
OH groups on their surfaces in the living body, since Na + ions could be released into the body fluid via an exchange with H 3 O + ions. As a result, they can be expected to form a bonelike Ca-P layer on their surfaces in the living body and bind to a living bone through this Ca-P layer. In the present study, alkali-heat treatment was attempted to prepare bioactive surfaces on the TiNb alloy. The effect of the surface roughness of samples, the alkali-treated time and alkalitreated temperature on the sodium titanate layer formation was investigated.
Experimental details
A Ti-27 wt.% Nb alloy ingot was fabricated by an arc melting method under Ar atmosphere and was then hot-rolled up to a reduction of 90% in thickness to ∼1 mm sheets. The sheets were solution treated at 750
• C for 0.5 h and then quenched in water. Plate samples with a size of 10 × 10 × 1 mm 3 were cut from the sheets by electro-discharge machining and divided into two groups: several samples were abraded up to a 800 grit silicon carbide (SiC) sandpaper and several samples were abraded up to a 2000 grit SiC sandpaper and mechanically polished. After being cleaned ultrasonically in acetone, alcohol and distilled water, these samples were alkali treated in a 5 M or 10 M NaOH solution at a temperature of 60
• C or 80
• C for 24 h or 36 h respectively, dried in the air, heat treated at 600
• C for 1 h and then cooled in a furnace. The surface morphology and constitutional phases were analyzed by scanning electron microscopy (SEM; model Quanta 200FEG, FEI, USA) and x-ray diffraction (XRD; model DMAX-2400, Rigaku, Japan). The element concentrations in the simulated body fluid (SBF) before and after soaking were analyzed by inductively coupled plasma (ICP) atomic emission spectroscopy (model PROFILE SPEC, LEEMAN LABS, USA).
The Ca-P phase forming ability and the surface activity of the samples were examined by soaking them in the SBF, which was prepared with analytical reagents and distilled water and had a pH value of 7.40 (adjusted by HCl) and ion concentrations of Na + , 142.0 mmol l [5] . Each sample was soaked in 50 ml SBF for 3 days, 7 days or 15 days at 37
• C, removed from the SBF, washed with distilled water and then dried on a clean bench. Figure 1 shows the SEM images of the surface of the Ti-27Nb alloy samples before and after alkali-heat treatment. There are numerous grinding cracks on the surface of the untreated Ti-27Nb samples. A gel layer is homogeneously formed on the surface after being alkali treated in a 5 M NaOH solution at 60
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• C for 24 h, and it contains a large number of disorderly cracks. After being heat treated at 600
• C for 1 h, the cracks in the gel layer extend. It indicates that the gel layer might have crystallized after heat treatment. Figure 2 shows XRD patterns of the Ti-27Nb alloy samples before and after alkali-heat treatment. After being alkali treated in a 5 M NaOH solution at 60
• C for 24 h, it can be noted that faint and wide diffraction peaks emerged at angles of 27
• -28
• , 38
• -41
• and 53
• -55
• . A further study proved that these peaks belonged to gelatinous sodium titanate (Na 2 TiO 3 ). After alkali-heat treatment, the diffraction peaks of Na 2 TiO 3 became sharp, while the diffraction peaks of TiO 2 emerged. These analyses further proved that the Na 2 TiO 3 gel layer was crystallized by heat treatment. Figure 3 shows the morphologies of the surfaces of the Ti-27Nb alloy samples with different alkali-heat-treatment parameters. Figure 3(a) shows the surface of the sample being abraded up to 800 grit, alkali treated in a 5 M NaOH solution at 60
• C for 24 h and heat treated at 600
• C for 1 h (sample A). Figure 3(b) shows the surface of the sample being mechanically polished, alkali treated in a 5 M NaOH solution at 60
• C for 1 h (sample B). The Na 2 TiO 3 layer on sample A shrank and contained numerous cracks after alkali-heat treatment. The Na 2 TiO 3 layer on sample B also contained numerous cracks, but had a porous network structure. Figure 3(c) shows the surface of the sample abraded up to 800 grit, alkali treated in a 10 M NaOH solution at 60
• C for 1 h (sample C). It indicates that a 5 M NaOH solution is more suitable for the alkali treatment of Ti-27Nb. Figure 3(d) shows the surface of the sample abraded up to 800 grit, alkali treated in a 5 M NaOH solution at 60
• C for 36 h and heat treated at 600
• C for 1 h (sample D). The structures of the surface of both samples A and D contain numerous cracks, but Na 2 TiO 3 'plates' of the latter are bigger than those of the former. Figure 3(e) shows the surface of the sample abraded up to 800 grit, alkali treated in a 5 M NaOH solution at 80
• C for 1 h (sample E). The morphology of sample E is almost similar to that of sample A, but the size of the cracks of the former is a little bigger than that of the latter. Figure 4 shows the SEM images of the Ti-27Nb alloy sample A after soaking in the SBF for 3 days, 7 days and 15 days. The Ca-P phase deposited abundantly on the surface of the samples after soaking in the SBF for 3 days, and it can be observed that this newly formed layer was gelatinous at higher magnification ( figure 4(d) ). After soaking in the SBF for 7 days and 15 days, it can be seen that the Ca-P phase layer with some straight cracks was homogeneously formed. It can also be noted that the layer is composed of a spherical Ca-P phase particle at higher magnification (figures 4(e) and (f )). Figure 5 shows changes in the concentration of Ca, P and Na in the SBF after immersion of samples A, C, D and E for 3, 7 and 15 days. The changes in Na, Ca and P concentrations in the SBF reflected the deposition of a newly formed layer on the Ti-27Nb alloy samples. After being immersed for 3 days, the concentration of Na increased and the concentration of Ca and P decreased dramatically, which revealed that Na 2 TiO 3 formed after alkali-heat treatment had been replaced by the Ca-P phase. After being immersed for 7 and 15 days, the concentrations of Na, Ca and P had no remarkable changes, which suggested that the deposition of the Ca-P phase thermodynamically equilibrated. The Ti-27Nb alloy, alkali treated in 5 M NaOH at 60
• C for 24 h, was found to have the capability of Ca-P phase formation within 3 days when immersed in the SBF.
Conclusions
After alkali-heat treatment, the sodium titanate layer was formed on the surface of the Ti-27Nb alloy samples. The layer had numerous cracks and owned the excellent ability of Ca-P phase forming. The Ti-27Nb alloy samples which have been abraded up to 800 grit, alkali treated in a 5 M NaOH solution at 60
• C for 1 h have better ability of Ca-P phase forming than the other two samples which have been alkali treated differently.
